Abstract. Even though soil loss in the lowlands imposes not as much a restriction on land use and agricultural productivity as in erosion affected mountainous areas, the input of fine sediment into the rivers and streams is a concern due to water quality issues and substrate siltation. Drains, river banks and agricultural fields are the three main sources of fine sediment in lowland regions. For a successful implementation of measures to decrease sediment input a well-founded knowledge of the individual entry pathways is essential. To assess the importance of possible entry pathways, a GIS based methodology (SEPAL) has been established combining the ABAG, a river bank erosion formula and a regression approach to include the contributions of drains. SEPAL has been applied on a study catchment in Northern Germany. The results show that 15% of the sediment input into the river comes from agricultural drains, 71% from river banks and 14% from adjacent fields. A comparison of the results with field-mapping and -sampling shows that the approach is plausible. The calculated total annual sediment input is 616 t yr −1 , while the measured suspended sediment load is 636 t yr −1 . It can be concluded that the methodology is suitable for estimating sediment entry pathways and annual sediment loads in lowland catchments as a base for modelling projects and further investigations. However, further work is necessary for gaining sound knowledge about uncertainties and especially about the processes forcing sediment input from drains.
Introduction
Although the emphasis of erosion studies is focused on regions with steep slopes, erosion processes in lowland catchments should not be neglected (Imeson and Ward, 1972) .
Correspondence to: J. Kiesel (jkiesel@hydrology.uni-kiel.de) Fine sediment input into waterways has a decisive influence on water quality (Davies-Colley et al., 1992; Ryan, 1991) , aquatic life-forms (Berry et al., 2003) and their habitat (Wood and Armitage, 1999) , as well as anthropogenic usage like ship traffic and artificial water structures as harbors (Stevens and Ekermo, 2003) . Especially in lowland regions, the siltation process of sediment can lead to necessary but harmful measures for the environment like dredging and mud extraction activities (Licursi and Gómez, 2009 ). Collins and Walling (2004) point out that, though it is difficult to acquire information about sediment entry pathways, it is important to understand sediment sources for deriving management plans and to prevent environmental problems. The main sediment entry pathways in lowlands are the input from agricultural drains, bank erosion and field erosion (Russel et al., 2001; Kronvang et al., 1997; Walling et al., 2002) . Different criteria influence sediment input from these three sources: The sediment contribution from drains is highly variable and rarely researched. It seems to be governed by factors like soil type, groundwater levels, soil moisture, drainage depth and age, land use, irrigation (Walling et al., 2002; Stone and Krishnappan, 2002) as well as the size of the drained area (Smith et al., 2005) . While Kronvang et al. (1997) and Stone and Krishnappan (2002) found sediment losses from drains of 20 to 130 kg ha −1 yr −1 , Ulèn and Persson (1999) and Chapman et al. (2005) investigated drains under loamy and clayey soils with a high susceptibility to form macropores and measured extremely high values of up to 230 and up to 1000 kg ha −1 yr −1 , respectively. River bank erosion depends on water flow characteristics like depth and velocity, freezing and thawing processes, the soil type, soil density and moisture, vessel traffic, cattle treading, as well as stream properties like curvature, cross-sectional shape and plant cover (Hooke, 1979; Saynor et al., 2003; Laubel et al., 1999; Bradbury et al., 1995; Wynn et al., 2004) . It is generally considered as the main entry pathway for sediments in lowlands (Laubel et al., 1999; Kronvang et al., 1997; Hasholt, 1988) . -H., 2006) , the soil (BGR, 1993) with drained areas (Fohrer et al., 2007) .
For the fields, besides the influence of soil type, precipitation, topography and land management also drainage, hedgerow density and small scale field patterns due to anthropogenic influence (Hassenpflug, 1971 ) affect this entry pathway in lowlands.
The above-named processes of field and bank erosion are successfully implemented in a number of modelling concepts (Merritt et al., 2003; Bärlund et al., 2006; Tate, 2006) . However, no modelling approach has so far been established for depicting sediment input from drains. Guidelines for estimating sediment budgets mostly cover only field and river bank erosion (Reid and Dunne, 1996) . Though Walling (2005) stresses the importance of drain systems on the sediment source and delivery pathway, assessing the input quantities is rarely carried out because measurements on the catchment scale are tedious and cost intensive. Since neglecting one pathway would lead to a biased model calibration, it is necessary to incorporate all potential sediment pathways into modelling and planning processes for the successful development and assessment of management measures. It is the scope of this study to derive a pragmatic desktop approach for estimating the long-term share of the three sediment entry pathways in lowlands by combining remote sensing and structural river data with knowledge from comparable research studies. To validate the model estimations calculated results are compared with field measurements. The field approach consists of erosion mapping, erosion pin readings and suspended sediment sampling. 
Investigation area
The study area in which the developed methodology has been tested is located in the Northern German lowlands (Fig. 1a) . The land use of the 50 km 2 Kielstau catchment is dominated by arable land and pasture (Fig. 1b) . The mean annual precipitation and temperature are 893 mm and 8.3 • C respectively (DWD, 2007) . The relatively flat topography ( Fig. 1c ) with rolling hills and numerous depressions in the catchment is typical for the north eastern Schleswig-Holstein landscape (Lorentzen, 1938 ) and leads to a low surface runoff fraction and low hydraulic gradients. Predominant soil types are haplic luvisols in the eastern and stagnic luvisols in the western part while sapric histosols are occurring along the stream and its tributaries. Extensive drainage measures have been implemented during the reallocation of land, mainly from the 1950s to the late 1970s (MELF, 1980) . The drain location has been estimated by Fohrer et al. (2007) (Fig. 1d ). Due to the typical lowland processes occurring in the Kielstau catchment it is a suitable area for applying and testing the developed tool for assessing sediment entry pathways.
Methods

Desktop tool SEPAL
The GIS-based SEPAL (Sediment Entry Pathway Assessment in Lowlands) approach has been implemented in an ArcGIS9.2 script. The script consists of one calculation process for each sediment entry pathway. The presented equations can not be used to quantify the sediment input for short time periods or single events. Only long term yearly average estimations are possible. The simplified flowchart in Fig. 2 shows the required GIS maps, the user input parameters, the calculation tasks, intermediate data and the output. The values for the necessary input parameters for applying SEPAL in the Kielstau are explained in Table 1 . The results of the three processes are combined in a simple scheme that calculates the percentage of sediment input for each pathway. The sediment input from the river banks is calculated with the bank retreat equation by Dickinson et al. (1989) . Dickinson's formula originally yields the absolute bank retreat only and is thus modified to Eq. (1) by taking the actual river section length and erosive bank height into consideration to gain the total sediment input from the banks:
where Y b [t yr −1 ] is the sediment input from the two river banks for the whole river length. Because processes and factors governing and affecting sediment input from drains are not yet researched, only an empirical regression approach could be implemented. Equation (2) is used to derive the sediment input share from drains:
where Except for intensive rain events, the sediment input is expected to come mainly from riverbanks and drains. Imeson and Ward (1972) state, that the sediment input from fields in lowland catchments is minor because of the small fraction of surface runoff entering the streams directly. Hence, it can be assumed that sediment is entering the stream only from adjacent, sloping areas and according to DVWK (1996) mainly from agriculturally used fields during intensive rain events. Thus, the sediment input from the fields is estimated only for areas within a certain vicinity to the open stream channel. Equation (3) is based on the German revision of the Universal Soil Loss Equation (ABAG, Schwertmann et al., 1987; USLE, Wischmeier and Smith, 1978) and is implemented in the GIS script: Wischmeier and Smith (1978) . S is the slope steepness factor calculated from the DEM for slopes <9% according to Feldwisch (1995) and for slopes >9% according to Renard et al. (1997) . C is the covermanagement factor. P is the support practice factor. A [ha] is the area of the DEM grid cell. V s [m] is a proximity parameter for the GIS calculations which is based on the relief of the catchment. Therefore, field inspections might be useful to estimate the average overland distance that sediment can possibly be transported to the stream channel. Apart from the total accumulated sediment loss, the GIS implementation of the ABAG also allows the spatial regionalization of erosive grid cells in a map. The results from Eqs. (1) (2) and (3) are used in Eqs. (4) and (5) to calculate the fractions of sediment input for all three pathways: 
Field measurements
For testing the results of the SEPAL approach, field measurements were carried out: The bank retreat is quantified via erosion pins for three river sections that are marked in the structural river mapping database (DAV-WBV/Land S.-H., 2006) as susceptible to erosion. Hooke (1978), Laubel et al. (1999) and Saynor et al. (2003) describe the general usage of erosion pins from which the methodology for this study has been derived. The used erosion pins are stainless steel rods with a diameter of 5 mm and a length of 0.5 m. A representative river section of 300 m length has been chosen where 21 erosion pins have been placed in the banks at three different sites at low flow conditions on 7 July 2008. The pins are pushed in the banks and the distance from the tip of the pin to the river bank is immediately recorded for each pin. The time interval of erosion pin measurements to quantify the bank retreat generally ranges from certain storm events to years (Hooke et al., 1979) . The distance measurements from the pin tip to the banks are carried out with a calliper and are conducted from each side of the pin (left, right, above and below) and the mean value is calculated. The distance from the pin tip to the bank was measured on 1 December 2008 in order to gain information about the bank retreat since 7 July 2008. The field erosion is assessed by mapping campaigns according to DVWK (1996) . First of all, a classification of river sections is obtained with topographic maps (1:25 000 scale) and aerial photographs (1:5000 scale) in order to plan the mapping along the main channel of the Kielstau. The mapping took place on 22 April 2008 and 29 April 2008 where erosive patterns have been paced off and captured in sketches on a scale of 1:5000 and on digital photos. The gained information has been digitized in the GIS in order to compare mapped erosive fields with the calculated ABAG map.
As a continuous assessment, aggregated daily suspended sediment samples at the catchment outlet are taken since July 2007 with an automatic sampler and are used to calculate the sediment load of the Kielstau according to DVWK (1999): 1L-samples are taken and filtrated with a 65 µm filter. The filters are dried and weighed with a precision scale to obtain the mean daily sediment concentration (mg L −1 ). To gain the sediment load, the measured sediment concentration is multiplied with the daily mean discharge value (m 3 s −1 ) for the corresponding day.
Results
The SEPAL calculations led to a sediment input share of 15% from the drains, 71% from the river banks and 14% from the fields. The total sediment input, expressed as an annual mean value is estimated to be 616 t yr −1 . The calculated bank retreat has a mean value of 2.9 cm yr −1 for all erosive sections. This adds up to an average total sediment input by bank erosion of 437 t yr −1 . The calculated soil loss from the fields ranges from 0 to 3.9 t ha −1 yr −1 . Taking the fields into consideration that are within V s = 100 m vicinity to the streams, this leads to a mean total sediment input by field erosion of 88 t yr −1 . The yellow marked areas in Fig. 3 show the calculated erosive fields with an estimated sediment loss of ≥0.5 t yr −1 at the main channel. In total 112 locations have been depicted with a total area of 5.5 ha. The sediment input from all agricultural drains in the catchment is then calculated to 91 t yr −1 . The erosion pin readings for assessing the bank retreat are summarized in Table 3 . Displayed are the measured mean values from the pin tip to the bank. The total bank retreat over the five month period is the difference of the mean values. The reading of pin 21 is not plausible, possible reasons can be either measuring errors or the pin has been pushed further into the bank by a possible collision with floating refuse. On the day of the measurements, seven pins have not been accessible due to high water levels. To compare the measurements with the SEPAL results, it is necessary to derive long-term average values from the measurements. The discharge regime during the measurement period is the main factor governing bank erosion and thus, the mean discharge over the five month period (147 days, 0.30 m 3 s −1 ) and the long-term average (365 days, 0.43 m 3 s −1 based on flow data from 1986 to 2009) is used for a linear extrapolation to gain yearly average values. The bank retreat ranges from 0 to 3.6 cm for the five month period and 0 to 12.8 cm for the long-term average with a mean value of 2.4 cm yr −1 and a sediment input of 356 t yr −1 from bank erosion.
The field mapping of erosive areas close to the stream is used for a comparison with the ABAG calculations. The fields found to be erosive are displayed in Fig. 3 . In general the field erosion and the sediment input by surface runoff to the stream are assessed to be very low. In total 23 fields have been mapped as eroded, the largest being 1.3 ha, the mean area is 0.16 ha. The mapped total erosive area having potential to contribute sediment to the stream in case of intense rain events is 3.6 ha.
The daily suspended sediment samples can be used to calculate the total annual sediment load. The concentration ranges from 4.2 to 256 mg L −1 with a mean value of 22.3 mg L −1 over the 1.5-year period. Multiplying the concentration with discharge data yields a load of 636 t yr −1 .
Conclusions
The scope of this paper is the development of a pragmatic methodology to estimate the shares of the drain-, river bankand field sediment entry pathway in lowlands. The SEPAL approach has been tested in a rural 50 km 2 -catchment in Northern Germany. The results show that the bank erosion is predominant with 71%, followed by the drains with 15% and fields with 14%. No studies in other German lowland catchments are available. However, the results are assessed plausible when comparing them with five lowland catchments in Denmark. There, the bank sediment input shares are: 75% (Laubel et al., 1999) , 77.5% (Kronvang et al., 1997) , 44%, 82% and 56.7% (Hasholt, 1988) , while the rest is caused by drain and field erosion input.
SEPAL is slightly overestimating the measured bank erosion as the formula calculated a 0.5 cm yr −1 higher mean bank retreat and 84 t yr −1 higher soil loss from the banks as the erosion pin readings. Considering the simple approach of both measurement and calculation this is reasonable. Uncertainties can be due to the extrapolation of the five month pin measurements to gain the long-term average bank retreat value with the assumption that the measurement period is representative. The extrapolation takes the mean discharge into consideration, but other factors like peak flow intensity and distribution, freezing and thawing processes or plant cover are neglected. An improvement of the results is expected by extending the pin measurements to longer time periods. The discrepancy can also be due to the simple approach of the Dickinson formula which does not take the flow regime, bank slope and bank vegetation cover into consideration. However, Dickinson's formula appears to be a suitable compromise between exactness and data requirements for this task. Hempel (1963) and Meyer (1996) stress, that the sediment input from the fields in the Kielstau region is very low. In fact, field erosion only occurs at two 1 km-long river sections. The ABAG does not consider deposition and is thus susceptible to overestimating the actual sediment input into the streams. This is taken into account by restricting the application to adjacent river areas using the threshold value (V s ). Overlaying the part of the ABAG map at the main stream channel with the field mapping ( Fig. 3a and b) shows that generally, some mapped erosive fields are also depicted by the ABAG, while many fields that are estimated to be erosive have not been identified in the mapping campaign. Reasons for this can either be the field mapping at the end of April as some winter erosion events might not be visible anymore and also the coarse and generalized soil and land use map used for the ABAG calculations. Probably the main cause for this discrepancy is the low soil loss values from the ABAG in the range of <1 t ha −1 yr −1 which can be difficult to find in the field. The fact that the location and spatial extent of the fields show a relatively low agreement can be caused by the temporal difference between the data (early 1990s) and the mapping (2008). This can result in different field erosion locations due to the dynamic process of erosion and deposition. It can be concluded that the main erosive regions along the river have been identified sufficiently, but that the agreement on the smaller scale lacks exactness due to the mentioned objections.
Although the actual sediment input is expected to be higher than the suspended sediment transport due to possible deposition occurring in the stream, the calculated mean sediment input of 616 t yr −1 is within reasonable accordance with the load of 636 t yr −1 calculated from the suspended sediment samples. Uncertainties and the most likely reason for underestimations are considered to be caused by the drain depiction, as the implemented drain sediment fractions from the literature are relatively low compared to sites with mainly clayey soils. Furthermore it is likely that local factors like the type and age of drain pipe, the existence and type of filter between drain pipe and soil, the number and location of sediment traps in the drain system as well as the common practice of farmers to purge the drain system in early spring influence this process.
SEPAL has proven to be easily and quickly to implement with only little data requirements. The comparison with other lowland studies and the measurements show that the approach is plausible. But as the obtained results have a considerable degree of uncertainty, the method should only be used as a first approach to gain an overview about possible predominant sediment pathways in lowlands. Such information can be valuable especially for integrated catchment modelling approaches that can depict field-and river bank-but not drain sediment input. The implemented regression equation for the drain input should and can easily be enhanced and extended if further data and research becomes available. In order to gain more reliable data especially for the drain sediment input, suggestions for further work are an intensification and temporal expansion of the measurement campaigns and collaborating with farmers concerning their drain maintenance so that dependencies of the sediment concentration can be derived and a physically based approach can be established.
